Numerical calculations indicate that by suitably controlling the individual gate voltages of a capacitively coupled parallel double quantum dot, with each quantum dot coupled to one of two independent non-magnetic channels, this system can be set into a spin-orbital Kondo state by applying a magnetic field. This Kondo regime, closely related to the SU(4) Kondo, flips spin from one to zero through cotunneling processes that generate almost totally spin-polarized currents with opposite spin orientation along the two channels. Moreover, by appropriately changing the gate voltages of both quantum dots, one can simultaneously flip the spin polarization of the currents in each channel. As a similar zero magnetic field Kondo effect has been recently observed by Y. Okazaki et al. [Phys. Rev. B 84, (R)161305 (2011)], we analyze a range of magnetic field values where this polarization effect seems robust, suggesting that the setup may be used as an efficient bipolar spin filter, which can generate electrostatically reversible spatially separated spin currents with opposite polarizations.
Numerical calculations indicate that by suitably controlling the individual gate voltages of a capacitively coupled parallel double quantum dot, with each quantum dot coupled to one of two independent non-magnetic channels, this system can be set into a spin-orbital Kondo state by applying a magnetic field. This Kondo regime, closely related to the SU(4) Kondo, flips spin from one to zero through cotunneling processes that generate almost totally spin-polarized currents with opposite spin orientation along the two channels. Moreover, by appropriately changing the gate voltages of both quantum dots, one can simultaneously flip the spin polarization of the currents in each channel. As a similar zero magnetic field Kondo effect has been recently observed by Y. Okazaki et Introduction.-Traditional spintronic devices rely on the use of ferromagnetic source and drain leads to produce and detect polarized spin-currents, like, for example, the Datta-Das spin field-effect-transistor [1] . More recently, the manipulation of single spins has become one of the paradigms for quantum information. To achieve easier integration with current technology, the use of semiconducting lateral single quantum dots (QD) has been suggested as a means to produce spin filtering and spin memory devices [2] , which can be controlled through the use of electrostatic gates, without the need of ferromagnetic contacts, nor highly inhomogeneous static magnetic fields, or AC fields. Its experimental realization [3] , using a single QD and a large magnetic field to produce a bipolar electrically tunable spin filter, has spurred a multitude of proposals, e.g., two QDs embedded in an Aharonov-Bohm ring [4] , a double QD (DQD) in parallel [5] , or in a T-shape geometry [6] , to cite a few. More related to the results presented here, Borda et al. [7] suggested the possibility of spin-filtering in a DQD device at quarter-filling, by exploiting spin and orbital degrees of freedom simultaneously through an SU(4) Kondo state. Right after that, Feinberg and Simon [8] , by extending the ideas described in [7] to a similar DQD device, suggested the interesting possibility of a "Stern-Gerlach" spin filter effect at half-filling. In this work we use two fully independent channels, and present detailed numerical results confirming the high efficiency of the spin filtering effect and suggest experimental ways of observing it.
The utilization of the Kondo effect [9] in a single-QD [10] has the potential to add an extra dimension to spintronics, as now the localized moment in a QD participates in a manybody state that may provide new functionalities to spintronic devices [11] . More complex Kondo-like regimes, like the socalled SU(4) Kondo state [12, 13] , may provide even additional latitude to create, manipulate, and explore spintronic devices using QDs. In this work, we extend a recently observed variant of the SU(4) Kondo effect [14] (dubbed the spin-orbital Kondo effect) to propose a device based on a capacitively coupled parallel DQD which, when in the Kondo regime (through the application of a magnetic field -see below), functions as a bipolar spin filter that can produce currents with opposite polarities simultaneously (one in each channel of the DQD system). In addition, their polarities can be reversed by tuning the gate voltages of the QDs, i.e., the proposed bipolar spin filter is electrically tunable. As mentioned above, a similar device had been suggested before [8] . Here, we provide extensive numerical results to stimulate experimental groups to try and observe this effect.
Device and Hamiltonian.-The proposed setup is that of capacitively coupled parallel DQDs [14] connected to completely independent metallic leads [see Fig. 1(a) ] [15] . Through an even-odd transformation, two leads decouple from the DQD and the system is reduced to that shown in Fig. 1(b) . Note that this transformation does not involve the QDs, therefore the interacting part of the Hamiltonian [(Eq. (2) below] remains unchanged. Then, the two-impurity Anderson Hamiltonian modeling our system is
simplicity, we take the hybridization parameters t 1 = t 2 = t ′ . It is important to note that, contrary to Ref. [8] , the only interaction between electrons in different channels λ = 1, 2 is the inter-dot capacitive coupling U ′ . Finally, as our setup consists of semiconducting lateral QDs, each of them can have different gate potentials V g1 and V g2 [14, 15] , and we will concentrate on the experimentally relevant regime U ′ /U < 1.0 (the so-called SU (2) ⊗ SU (2) regime) [12] . All results shown were calculated using U as our unit of energy. The width of the one-body resonance for each QD is given by Γ = πt ′2 ρ 0 (E F ), where ρ 0 (E F ) is the density of states of the leads at the Fermi energy E F . Throughout the paper t = 1.0 and all the other parameter values are indicated in the figures or in the text. This model has been studied extensively in previous works, and it is well known that for U ′ /U = 1.0 and zero-field it has an SU(4) Kondo fixed point [12] , experimentally observed in Refs. [16, 17] . Here, we want to address a completely different regime, although we will also show that our Density Matrix Renormalization Group (DMRG) [18] calculations faithfully describe the SU(4) Kondo regime as well.
Density Matrix Elements.-The results presented in this work were calculated using the DMRG [19] and the Friedel Sum Rule (FSR) [9, [20] [21] [22] . The validity of the FSR for the system studied here is discussed in the supplemental material [23] . In order to characterize and identify different regimes, we use the reduced density matrix elements (DME), calculated with the DMRG. The ground state wave-function can be written as
where γ stands for the 16 possible DQD configurations (0-0, σ-0, 0-σ, σ-σ ′ , 2-0, 0-2, σ-2, 2-σ, and 2-2), while δ represents the states associated with the Fermi sea. Summing over the band states δ we obtain the weight projection of the different DQD configurations in the ground state.
As will be shown in Fig. 4 , the diagonal DME can be used as a 'proxy order parameter' for the typical correlations that characterize a many-body state like, for example, the Kondo state. This is very useful in the case of an unusual (or exotic) Kondo effect, where it may not be clear at first what are the relevant correlations that one should look for (from now on we generally refer to the diagonal matrix elements as DME weight, or simply DME).
Numerical Results.- Figure 2 (a) shows the conductance Fig. 3 , where the (black) solid line shows results at zero magnetic field, with a well defined plateau around V g1 = −1.0 [it corresponds to a cross section of the bright (yellow) region in Fig. 2(a) ]. As the field increases, in steps of ∆H = 0.025 (dotted lines), the conductance at (and around) the particle-hole (p-h) symmetric point (V g1 = −1.0) is suppressed very quickly, while narrow peaks start to form close to the charge degeneracy points [(red) dashed line], denoted Fig. 2(b) , where G = G 0 . Note that these peaks are narrow along the (white) dashed line in Fig. 2(b) , but along the charge degeneracy lines [the diagonal (yellow) bright lines in Fig. 2(b) ] they present a clear plateau structure. Now, in Fig. 4 we present one of the central results in this work. As an illustration of the use of DMEs to trace the possible existence of a Kondo regime, panel (a) shows the DME for half-filling (n 1 + n 2 = 2) configurations of the DQD for U ′ = 1.0 and zero magnetic field (SU(4) fixed point), as a function of V g1 for V g2 = −V g1 − (1 + 2U ′ ) [equivalent to the dashed (white) line in Fig. 2(b Fig. 4(a) , i.e., at the half-filled SU(4) fixed point, one sees that the six possible two-electron configurations have all the same DME weight in the ground state, highlighting the fact that orbital and spin degrees of freedom are perfectly equivalent in the half-filled SU(4) Kondo state, i.e., spin and orbital degrees of freedom are maximally entangled [17] . This result is well known, but it serves to illustrate the use of the DME calculation to 'look for' possible Kondo states. This is what is done in panel (b), where we present the DME results for U ′ = 0.5 and finite field H = 0.04 (same parameters as the ones for the (red) dashed line in Fig. 3) . In this case, we have two different values of V g1 for which we have two half-filling configurations with the same DME weight (same V g1 values as the α and β points in Fig. 3 ). The crossing in the α (β) point in panel (b) is between configurations ↑-↑ and 2-0 (0-2). The important fact to note is that exactly at these crossings G = G 0 (see Fig. 3 ), indicating the possibility of a Kondo effect.
Indeed, in Fig. 5 we show eight cotunneling processes (four in the upper panel and four in the lower) that shift the total S z spin of the DQD from S z = 1 to S z = 0 (and vice-versa). The top processes correspond to the degenerate states ↑-↑ and 2-0 [α point in Fig. 4(b) ], while the bottom processes correspond to the degenerate states ↑-↑ and 0-2 (β point). The virtual states contain either one or three electrons. The remarkable fact about these cotunneling processes is that they generate spin polarized currents in each channel, with opposite polarizations. In addition, once one sweeps V g1 from α to β, the polarization direction of the spin filtered current in each right-side lead is reversed: ↓ (↑) and ↑ (↓) in channels 1 and 2, respectively, for the upper (lower) processes. Note that no other virtual states are connected (by t ′ ) to any of the degenerate states [↑-↑ and 2-0 (0-2)] in the α (β) point [24] . There are similarities between the Kondo effect described here and the one in Ref. [14] : from the lower inset on their Fig. 2 we see that the magnetic field raises (lowers) the energy of the configuration ↓-↓ (↑-↑), while maintaining the configurations ↑↓-0, ↑-↓, and ↓-↑ degenerate (to zero-order in t ′ ). By adjusting the gate potentials V g1 and V g2 , the configurations ↑↓-0 and ↑-↑ can be made degenerate (α point). Then, the cotunneling processes in Fig. 5 give origin to the Kondo effect discussed here.
In Fig. 6(a) , we show conductance per spin type as a function of V g1 (same parameters as Fig. 3, (red) 
FIG. 5: (Color online)
Top: Schematic representation of the four possible processes that flip the total spin from Sz = 1 to Sz = 0, and back to Sz = 1, when the singlet state is in channel 1 (α point). The net effect is the transport of a spin down (up) in channel 1 (2) . The coherent superposition of these processes leads to Kondoscreening of the pseudospin associated to the two degenerate states with Sz = 1 and Sz = 0, and the consequent generation of a spin down (up) current in channel 1 (2) . Bottom: Equivalent processes for the configuration where the singlet state is in channel 2 (β point). In this case, the polarity of the currents in channels 1 and 2 (when compared to top panel) is reversed.
the conductance at points α and β are almost perfectly polarized, in accordance with the cotunneling processes described in Fig. 5 . Figure 6(b) shows the conductance polarization . The results clearly indicate that the polarization effect is robust and does not require a high value of magnetic field. Indeed, as indicated in Fig. 5(c) , a polarization of almost 90% can be achieved for H/U = 0.025. Taking U ≈ 1.0meV for a GaAs QD [15] results in H 1.0T around the α point. As indicated by the double-head white arrow in Fig. 5(c) , a range of ∆V g1 ≈ 0.045, at H/U = 0.025, has a polarization varying from ≈ 70% to ≈ 90%. This indicates that there is enough range in the parameters space to allow for experimental observation of very high polarizations without the need of very high magnetic fields.
Conclusions.-In summary, we have presented a peculiar Kondo effect involving a capacitively coupled parallel DQD, connected to two independent channels. To achieve this effect it is necessary to apply a moderate magnetic field and adjust the gate potential of each QD to take the DQD to a half-filling charge degeneracy point. The cotunneling processes in this Kondo effect are such that spin polarized currents are generated in each channel, with opposite polarities. The analysis in Fig. 5 Panel (c) also shows that for H/U = 0.025 there is a substantial range ∆Vg1 ≈ 0.045 for which the spin polarization varies between ≈ 70% and ≈ 90%, indicating that the effect should be experimentally observable.
fect, see Ref. [8] , and for the hierarchical order of energy scales in a realistic setup, see Refs. [7, 8] .
SUPPLEMENTAL MATERIAL
Friedel Sum Rule and Conductance.-The first step in calculating the conductance through the DQD using the Friedel Sum Rule (FSR) [9, 20, 21] is to use the following expression for the conductance [21] 
where Γ is the coupling of each QD (λ = 1, 2) to its corresponding lead, and ρ λσ (E F ) is the local density of states (LDOS) of each QD at the Fermi energy. The FSR (valid if the ground state of the system is a Fermi liquid, which is true in our case as long as U ′ ≤ U [12] ) expresses a relationship between ρ λσ (E F ) and n λσ (QD occupancy),
where I λ is given by
and G σ λλ (ω) is the Green's function for each QD,
being Σ σ mb (ω) the many-body self-energy, and Σ(ω) the onebody part of the self energy, which can be calculated exactly by taking U = 0. It can be shown [22] that, for the parameters used in this work, the integral in the calculation of I λ is approximately zero (within machine precision). Therefore, the conductance per channel, per spin, can be calculated as,
and the total conductance, through both channels, is given by
As an example, we will use eqs. (11) and (12) to calculate the conductance in the SU(4) regime (i.e., U ′ = U ), by using DMRG to calculate the ground state charge per spin n λσ for each QD for a wide range of V g1 /U values. We also apply a magnetic field that, contrary to previous works [13] , couples to the spins in the DQD, but not to the orbital degree of freedom [see eq. (2)]. As there is complete symmetry between orbital and spin degrees of freedom in the SU(4) regime, we should obtain similar results to the ones obtained in Ref. [13] .
Indeed, this is what is shown in Fig. 7(a) , where, at zerofield [(black) thick solid line], one sees the three characteristic (7) to (12)], by calculating the QD charges, as a function of gate potential, using the DMRG method. Note that a small Γ = 0.001 value was used to have the system well into the Kondo regime, thus resulting in very well defined charge plateaus and consequently very well defined conductance plateaus. Note that in panel (b) well defined plateaus are almost independent of the field H, although, as expected, in panel (c) large variations with field are seen, when the charge per spin is plotted as a function of gate potential. It is interesting to note that for H = 0.0024 the charge per spin for Vg1/U = 0.0, −1.0, and −2.0 are similar (dips and peaks are indicated by arrows for Vg/U = −1.0). This occurs because a small magnetic field is not enough to completely suppress the charge fluctuation (or mixed valence) effects. We noted that for a larger value of Γ the dips and peaks are even more pronounced, as expected (not shown), and for a much larger filed (H = 0.05, (red) dot-dash and open circle curves for spin up and down, respectively), they are completely suppressed. SU(4) conductance plateaus at quarter-and half-filling. For these calculations, we have used a small value of Γ = 0.001 to place the DQD deep into the Kondo regime (at quarterand half-filling). As shown previously [13] , the magnetic field strongly suppresses the Kondo effect at half-filling, but not at quarter-filling (see (black) dotted thin lines), in agreement with the fact that orbital and spin degrees of freedom [12] for definitions) compared with DME results as a function of U ′ /U , in panels (a) and (b), respectively. The parameters used were Γ = 0.02 and Vg1 = Vg2 = −0.5 − U ′ (i.e., p-h symmetric point). In panel (a), the SU(4) point (U ′ /U = 1.0) is where the curves for the correlations cross, while the corresponding point in panel (b) is where the DME for all the half-filling configurations are equal, reflecting the fact that spin and pseudo-spin degrees of freedom are perfectly entangled. Note also that the SU(4) point separates different regions: at left, one has an SU (2) ⊗ SU (2) ground state, defined mainly by spin correlations, while at the right side one has a charge-ordered state, defined mainly by charge correlations [12] .
are equivalent in the SU(4) Kondo. The reason being that at quarter-filling one is left with an SU(2) orbital Kondo (in this case, where the magnetic field couples to spins, while one was left with an SU(2) spin Kondo in Ref. [13] , where the field couples to the orbital degree of freedom). For H = 0.01 the SU(4) Kondo has been completely suppressed at half-filling Identifying regimes using DMRG Density Matrix Elements.-As a way of demonstrating the use of the Density Matrix Elements (DME) to characterize different regimes in the DQD, we will compare DME results with those for specific correlations that are usually used for that same purpose. It is known that at half-filling the DQD passes through three different fixed points as the ratio U ′ /U varies from zero to slightly above one: SU(2) ⊗ SU(2), for 0.0 ≤ U ′ /U < 1.0, SU(4), for U ′ /U = 1.0, and a charge ordered state for U ′ /U 1.0 [12] . [12] for definitions). First, concentrating on the SU(4) point, one sees that both correlations are identical at that point, which is indicated by a dashed vertical line that separates the two regions associated to the other two fixed points. For small values of U ′ /U the spin correlations dominate, the pseudo-spin correlations being very small. The opposite occurs for the U ′ /U > 1.0 region, indicating the charge ordered state [12] . In Fig. 8(b) , we show the corresponding DME results for all the half-filling configurations. The results neatly agree with the overall picture obtained through the correlations in panel (a), demonstrating once more the use of DMEs to uncover different phases in strongly correlated electron models.
